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White matterMulti-component T2 relaxation imaging (MCRI) provides speciﬁc in vivomeasurement of myelin water content
and tissue water environments through myelin water fraction (MWF), intra/extra-cellular water fraction (I/
EWF) and intra/extracellular and global geometric mean T2 (GMT2) times. Quantitative MCRI assessment of tis-
sue water environments has provided new insights into the progression and underlying white matter pathology
in neural disorders such as multiple sclerosis. It has not previously been applied to investigate changes in white
matter in the stroke-affected brain. Thus, the purposes of this study were to 1) use MCRI to index myelin water
content and tissue water environments in the brain after stroke 2) evaluate relationships betweenMWF and dif-
fusion behavior indexed by diffusion tensor imaging-based metrics and 3) examine the relationship between
white matter status (MWF and fractional anisotropy) and motor behavior in the chronic phase of stroke recov-
ery. Twenty individuals with ischemic stroke and 12 matched healthy controls participated. Excellent to good
test/re-test and inter-rater reliability was observed for region of interest-based voxelwise MWF data. Reduced
MWF was observed in whole-cerebrum white matter (p b 0.001) and in the ipsilesional (p = 0.017) and
contralesional (p = 0.037) posterior limb of internal capsule (PLIC) after stroke compared to whole-cerebrum
and bilateral PLIC MWF in healthy controls. The stroke group also demonstrated increased I/EWF, I/E GMT2
and global GMT2 times for whole-cerebrumwhite matter. Measures of diffusion behavior were also signiﬁcantly
different in the stroke group across each region investigated (p b 0.001). MWF was not signiﬁcantly correlated
with speciﬁc tensor-based measures of diffusion in the PLIC for either group. Fractional anisotropy in the
ipsilesional PLIC correlated with motor behavior in chronic stroke. These results provide novel insights into
tissue-speciﬁc changes within white matter after stroke that may have important applications for the under-
standing of the neuropathology of stroke.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-SA license.1. Introduction
Stroke is the leading cause of long-term severe disability in the U.S.
(Minino et al., 2011) andnearly half of all stroke survivors livewith a dis-
ability level characterized as moderate to severe (Kelly-Hayes et al.,
2003). However, strokemortality rates are declining, resulting in a great-
er number of individuals livingwith signiﬁcant disabilitywith limited ef-
fective treatment options to regain function (Gillum et al., 2011).
Increasing evidence has indicated that stroke-related damage to white
matter brain regions is related to trajectory and level of recovery
(Borich et al., 2012a; Jang et al., 2005; Stinear et al., 2007). White mattermbia, Department of Physical
h Columbia V6T 1Z3, Canada.
nc. Open access under CC BY-NC-SA licis composed of both neuronal axons and supporting glial cells and it is
currently unclear how speciﬁc components of white matter tissue con-
tribute to recovery from stoke. In rodent models of both acute (Tanaka
et al., 2003) and chronic (Chida et al., 2011) ischemic stroke, white mat-
ter degeneration is present, while remyelination is positively associated
with recovery (Chida et al., 2011). In myelinated axons, normal neural
impulse conduction relies on the insulating properties ofmyelin and dis-
turbances to the myelin sheath can cause severe impairments in motor
and sensory functioning (Readhead et al., 1987). In many demyelinating
disorders, the primary event is a breakdown of the blood–brain barrier
(Baumann and Pham-Dinh, 2001), which also occurs in stroke where
white matter tissue is particularly susceptible to ischemic-induced dam-
age (Dewar et al., 1999).
Despite the importance of myelin to normal neural function,
relatively little is known about changes in myelin following stroke in
humans. This knowledge gap stems in part from technological limita-
tions that until recently prevented the whole-brain imaging of myelin
in vivo. However, non-invasive imaging techniques that have emerged
are sensitive to detect in vivo changes in cerebral myelin, enablingense.
570 M.R. Borich et al. / NeuroImage: Clinical 2 (2013) 569–580evaluation of these changes associatedwithwhitematter abnormalities
in clinical populations.
Multi-component T2 relaxation imaging (MCRI) is a non-invasive, in
vivo magnetic resonance technique used to quantify water content in
brain tissue compartments. A typical T2 distribution in the normal
human brain is characterized by three chief components determined
by the proton signal relaxation time: 1) a long T2 component (>2 s)
that is attributed to cerebral spinal ﬂuid, 2) an intermediate T2 compo-
nent (~80 ms) has been assigned to intra/extracellular water, and 3) a
short T2 component (b40 ms) that reﬂects water trapped betweenmy-
elin lipid bilayers (Mackay et al., 1994;Menon and Allen, 1991; Stewart
et al., 1993; Whittall et al., 1997). Speciﬁcally, MCRI provides a quanti-
tative measure of myelin (myelin water fraction or MWF) in both ab-
normal and normal-appearing regions of white matter tissue.
Importantly, recent advances in multi-echo pulse sequences now offer
increased spatial coverage allowing for near whole-brain imaging in
clinically feasible acquisition times (Deoni et al., 2008; Lenz et al.,
2012; Nguyen et al., 2012; Oh et al., 2006; Prasloski et al., 2012b).
Measurement of MWF based on the analysis of the T2 distribution
has been validated as an in vivo marker for myelin content in the
human brain (Laule et al., 2006, 2008). In guinea pig (Gareau et al.,
1999, 2000) and rat (Webb et al., 2003), white matter T2 distributions
are multi-compartmental and the short T2 component correlates with
histological measures of myelin. Formalin-ﬁxed human brains yield T2
distributions similar to those found in vivo, and histopathological stud-
ies show strong correlations (mean ‘r’s = 0.67 to 0.78) between MWF
and staining for myelin (Laule et al., 2006, 2008; Moore et al., 2000).
Studies of individuals with MS reveal decreased MWF in both lesions
and normal appearing white matter NAWM (Laule et al., 2004;
Vavasour et al., 1998). MCRI measurements of myelin also appear to re-
late to the severity of clinical signs indexed by the Expanded Disability
Status Scale in individuals with MS (Laule et al., 2011). MCRI can also
provide unique insights into the intra/extracellular environment. In
MS, prolonged intra/extracellular T2 relaxation times have been ob-
served in white matter lesions compared to NAWM (Laule et al.,
2007). Also, elevated mean T2 times, likely reﬂecting vascular edema
and tissuewater uptake, have been observed in both the acute and sub-
acute (b6 days) phases of stroke recovery (Noguchi et al., 1997;
Siemonsen et al., 2009, 2012).
In stroke, diffusion imaging techniques havebeenused to evaluatemi-
crostructural changes in whitematter in the acute, sub-acute and chronic
phases of recovery. This work has advanced the understanding of the
contributions of white matter microstructural status to recovery after
stroke (Schaechter et al., 2009; Stinear et al., 2007; Wang et al., 2012).
Speciﬁcally, diffusivity perpendicular to the primary axis of diffusion (ra-
dial diffusivity or RD) has been hypothesized to be inﬂuenced by the de-
gree of myelination (Song et al., 2002, 2003) and may have the potential
to differentiate between axonal and glial damage after stroke (Wang et al.,
2012). Though diffusion-derived measurements of white matter have
shown sensitivity to change in patient populations, especially fractional
anisotropy (FA) (Borich et al., 2012a; Jang et al., 2005; Stinear et al.,
2007), they are relatively non-speciﬁc regarding pathological changes in
intra-voxel tissue structure. For example, Wang et al. (2011) showed
that demyelination, edema and inﬂammation each resulted in increased
RD, a diffusion-based measure commonly associated with myelin status
(Wang et al., 2011). Other diffusion methods are becoming available
(Assaf and Basser, 2005; Hui et al., 2008; Jeurissen et al., 2011; Wang et
al., 2011) thatmay dissociate these effects but they have not been validat-
ed in humans.
Given the established relationship between normal neural func-
tion and myelin status along with evidence of white matter damage
following stroke using diffusion imaging, the principal aim of this in-
vestigation was to quantify myelin and intra/extracellular T2 relaxa-
tion in vivo in the human brain after stroke. Because this is the ﬁrst
report of myelin status in individuals with stroke, we also conducted
analyses to ensure test/re-test reliability and to assess intra-raterreliability of our regions of interest approach. A secondary aim was
to determine if myelin status, indexed by MWF, correlated with stan-
dard DTI-based measures of white matter status. A tertiary aimwas to
examine if MWF and/or FA related to measures of motor behavior in
chronic stroke.
2. Materials and methods
2.1. Participant characteristics
Twenty individuals presentingwith a clinically-signiﬁcant, ﬁrst-time,
chronic (>6 months) ischemic infarct (Fig. 1) with movement-related
deﬁcits and twelve age-matched healthy controls were recruited. Indi-
viduals who were at least 6 months post-stroke were recruited to
avoid confounding spontaneous neural changes immediately following
stroke (Cramer, 2008). Consent for each participant was obtained
according to the Declaration of Helsinki; the clinical research ethics
boards at the University of British Columbia approved all aspects of the
study. For stroke participants, upper extremity physical impairment
was quantiﬁed using the upper extremity portion of the Fugl-Meyer
(FM)motor scale (0–66, higher scores indicate less physical impairment)
for each stroke participant (Fugl-Meyer et al., 1975) and each FM assess-
ment was conducted by a single licensed physical therapist (M.R.B). Par-
ticipant characteristics are summarized in Table 1.
Exclusion criteria for the stroke and healthy control groups included:
(1) signs of dementia (score b 24 on theMontreal Cognitive Assessment)
(Nasreddine et al., 2005); (2) left hand dominance (Oldﬁeld, 1971);
(3) any contraindications to MRI; or (4) history of seizure/epilepsy,
head trauma, a major psychiatric diagnosis, neurodegenerative disorder
or substance abuse. For the healthy control group, participants exhibiting
any frank or clinically evident signs of neurological impairment or disease
were also excluded from this study (Lundy-Ekman, 1998).
2.2. In vivo magnetic resonance acquisition
MR acquisition was conducted at the UBCMRI Research Centre on a
PhilipsAchieva 3.0 Twhole bodyMRI scanner (Phillips Healthcare, Best,
NL). The following scans were collected: (1) 3D T1 turbo ﬁeld echo
(TFE) scan (TR = 7.4 ms, TE = 3.7 ms, ﬂip angle θ = 6°, FOV =
256 × 256 mm, 160 slices, 1 mm slice thickness, scan time =
3.2 min), (2) 60-orientation diffusion weighted scan with a single
shot echo-planar imaging (EPI) sequence (TR = 7013 ms, TE =
60 ms, FOV = 224 × 224 mm, 70 slices, 2.2 mm slice thickness, voxel
dimension = 2.2 mm3, b = 700 s/mm2, scan time = 7.4 min) and
5 b = 0 s/mm2 images, and (3) whole-cerebrum 32-echo
three-dimensional gradient- and spin-echo (3D GRASE) for T2 mea-
surement (TR = 1000 ms, echo times = 10,20,30,…,320 ms, 20 slices
acquired at 5 mm slice thickness, 40 slices reconstructed at 2.5 mm
slice thickness (i.e. zero ﬁlled interpolation), slice oversampling fac-
tor = 1.3 (i.e. 26 slices were actually acquired but only the central 20
were reconstructed), in-plane voxel size = 1 × 1 mm, SENSE = 2,
232 × 192 matrix, receiver bandwidth = 188 kHz, axial orientation,
acquisition time = 14.4 min) (Prasloski et al., 2012b).
2.3. Magnetic resonance data processing and analysis
T2 relaxation analysis used a non-negative least-squares (NNLS)
approach (Whittall and Mackay, 1989) with the extended phase
graph algorithm (Prasloski et al., 2012a) to partition the T2 signal
using an unbiased approach based on the signal characteristics into
short (15-40 ms), intermediate (40–200 ms) and long (>1500 ms)
components using in-house software code (MATLAB R2010b, The
MathWorks, Inc.) developed at the University of British Columbia
(Fig. 2). Global GMT2 was deﬁned as the mean T2 on a log scale be-
tween 15 ms and 2000 ms. Myelin water fraction (MWF) was deﬁned
as the sum of the amplitudes within the short T2 component (15–
Fig. 1. T1 image of axial slice in which stroke lesion (outlined in red) area is largest for each participant in the stroke group.
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tion. Geometric mean T2 (I/E GMT2) of intra/extracellular water was
deﬁned as the mean T2 on a log scale between 40 ms and 200 ms.
The intra/extracellular water fraction (I/EWF) was represented as
the sum of the amplitudes within the middle T2 component (40–
200 ms) divided by the sum of the amplitudes for the total T2
distribution.
Voxel-based maps (Fig. 3) were produced for each participant to
evaluateMWF, I/E GMT2, I/EWF andGMT2 in desired regions of interest
(ROI). These ROIs included: whole-cerebrum normal appearing white
matter (NAWM) and the posterior limb of the internal capsule (PLIC)
bilaterally. Tools in the FMRIB Software Library (FSL) (Smith et al.,
2004) were used generate the ROImasks. Initially, fractional anisotropy
maps were generated using the dtiﬁt component of FDT (Smith et al.,
2004). These maps were then co-registered to the ﬁrst echo of the T2
scan using an afﬁne 12 parameter model in FLIRT (Jenkinson et al.,
2002). The co-registered images were automatically segmented into
gray matter, white matter and cerebrospinal ﬂuid using FAST (Zhang
et al., 2001). The white matter segmentation mask was eroded by one
voxel to remove any brain edge artifacts or subcortical gray matter tis-
sue. Successful erosion was visually conﬁrmed for each mask, which
was subsequently used as the NAWM mask. Cross-sectional ROI
masksweremanually delineated for the PLIC bilaterally for each subject
using FSLView. Areas of infarct were automatically excluded from
whole brain NAWM ROIs and manually excluded from ipsilesionalPLIC ROIs. Complete disruption of the affected PLIC was not observed
for any participant, however, 41% (9/22) of participants had evidence
of partial lesion encroachment within the ipsilesional PLIC.
Diffusion imaging datawere ﬁrst visually inspected for excessivemo-
tion artifact or instrumental noise using quality assurance tools available
in the diffusion MRI software package ExploreDTI (www.exploredti.
com) (Leemans et al., 2009). Less than 1%of imageswere removed across
all subjects. Imaging data were then corrected for motion and distortion.
During motion correction, signal intensity was modulated and the
b-matrix was rotated (Leemans and Jones, 2009). Tensor estimation
was performed using the RESTORE (Robust Estimation of Tensor Outlier
Rejection algorithm) (Chang et al., 2005) and subsequent data were
processed and analyzed in native space. Whole-brain ﬁber tractography
was performed using a deterministic streamline approach. Fractional an-
isotropy (FA) threshold for initiation and continuation of tract recon-
struction was 0.2 and tract-turning angle threshold was set to 30°. To
isolate ﬁber tracts within the PLIC, a tract segment analysis approach
was used (Fig. 4). ROIs were placed in the axial plane using the level of
the anterior commissure as the inferior border and the inferior aspect
of the corona radiata as the superior border. Fiber tracts were then
reconstructed within the circumscribed volume and mean values for
FA, mean diffusivity (MD), axial diffusivity (AD) and RD were extracted
to evaluate diffusion behavior within tracts in the PLIC. MD represents
diffusion behavior averaged across the three principal eigenvalues of
the tensor ellipsoid (λ1 + λ2 + λ3 / 3). AD measures diffusion along
Table 1
Participant characteristics.
Participant
ID
Age
(y)
Gender Post-stroke duration
(mo)
MOCA
(/30)
FM score
(/66)
WMFT affected
(s)
WMFT unaffected
(s)
Grip strength affected
(kg)
Grip strength unaffected
(kg)
Stroke
1 74 M 142 27 60 1 0.81 29 47
2 61 F 83 27 56 1.6 1.19 9 15
3 85 M 13 25 60 1.72 1.53 22 24
4 67 M 82 25 59 0.83 0.68 29 37
5 62 M 41 28 23 120 0.85 11 40
6 66 F 27 30 58 1.46 1.24 18 27
7 50 F 37 26 63 1.01 0.85 28 30
8 56 F 27 30 35 1.63 0.83 16 30
9 59 M 270 28 55 2.5 1.53 17 31
10 76 M 81 29 62 0.96 0.84 41 36
11 71 M 20 28 58 1.22 1.08 28 40
12 65 F 67 30 62 1.22 1.01 23.3 28
13 76 M 155 26 49 4.29 1.28 16.6 31
14 64 F 94 26 56 1.18 1.27 20 24
15 82 M 12 26 59 1.56 1.25 17.3 30
16 69 F 15 28 57 1.14 0.82 16 44
17 60 M 23 29 54 1.43 1.59 12.3 14
18 62 M 84 26 8 120 1.18 10 47.3
19 57 M 94 24 7 120 1.38 0 26.6
20 79 M 18 24 61 1.41 0.97 23.6 33.3
Healthy
1 56 F
2 54 F
3 68 M
4 66 F
5 64 M
6 51 F
7 53 F
8 64 M
9 64 M
10 59 M
11 61 F
12 77 F
y: years, M: male, F: female, mo: months, MOCA: Montreal Cognitive Assessment, FM: Fugl-Meyer, WMFT: Wolf Motor Function Test, s: seconds, kg: kilograms.
572 M.R. Borich et al. / NeuroImage: Clinical 2 (2013) 569–580the principal eigenvector (λ1) and may reﬂect axonal properties within
white matter (Budde et al., 2009; Zhang et al., 2009). RD is a measure
of diffusion orthogonal to the principal eigenvector, calculated as the av-
erage of the second and tertiary eigenvalues (λ2 + λ3 / 2) and may be
related to properties of the myelin sheath (Song et al., 2003; Zhang et
al., 2009). Approximate ﬁber tract volume was also recorded and storedFig. 2. Schematic example of a typical T2 distribution from human white matter illus-
trating the components of the signal attributed to different tissue water environments
based on relaxation time.for further analysis. The same measures were also extracted for
whole-brain reconstructed ﬁber tracts.
2.4. Behavioral assessment of upper extremity motor behavior
Participants in the stroke group completed a comprehensive battery
of assessments to quantify motor behavior during the chronic phase of
recovery. These assessments were administered by a licensed physical
therapist (M.R.B). In addition to the FM test to index upper extremity
motor impairment level, motor function was measured using the Wolf
Motor Function Test (WMFT). TheWMFThas been shown to be a reliable
and valid assessment of upper extremity motor function in stroke (Wolf
et al., 2005). Testing consisted of ﬁfteen timedmovement tasks and two
tests of strength. Movement time for each task was averaged over three
trials and median movement time was calculated across all tasks. Data
were then log-transformed for parametric statistical analyses. Maximum
grip strength was averaged over three trials using a calibrated hydraulic
handheld dynamometer (Jamar, Lafayette Instrument, Lafayette, IN,
USA).
2.5. Statistical analyses
All dependent measures were assessed to ensure normality prior to
parametric statistical testing. If a measure was found to violate the as-
sumptions of normality, non-parametric testswere applied. Test/re-test
(mean time between scans: 224.1 days, range: 106–422 days) and
inter-rater reliabilitywere assessed in a subset (n = 10) of participants
in the stroke group. To assess inter-rater reliability of subject-speciﬁc
manual ROI delineation, a second blinded rater manually delineated
the PLIC bilaterally. Intraclass correlation coefﬁcients (ICCs) were
Fig. 3. Representative slices from myelin water fraction (MWF) maps of a healthy participant (HC08) (top panel) and an individual with stroke (S09) (bottom panel). Note both
local and global reductions in white matter MWF for the stroke participant compared to healthy control.
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mixed effect models where test and rater effects were random and
measure effects of individual ratings were ﬁxed (Shrout and Fleiss,
1979). ICC values greater than 0.75 were considered to indicate excel-
lent reliability while values between 0.40 and 0.75 demonstrated fair
to good reliability and less than 0.40 were indicative of poor reliability
(Rosner, 2005). Manual ROI identiﬁcation in stroke has been shown to
be sensitive to change in white matter after stroke and a reliable ap-
proach to quantify white matter tissue status in healthy individuals
and in chronic stroke using DTI techniques (Borich et al., 2012b; Qiu
et al., 2011; Stinear et al., 2007).
A between-group multivariate analysis of variance (MANOVA) was
conducted to assess differences in MCRI measures of white matter
(MWF, I/E GMT2, I/EWF, GMT2) between healthy individuals and indi-
viduals with stroke for each ROI. A second between-group MANOVAFig. 4. Example of tract segment approach used to quantify diffusion behavior within the
Reconstructed ﬁber tracts in the PLIC are color-coded by fractional anisotropy value wherewas conducted using DTI-based measures of diffusion characteristics
(tract volume, FA, MD, AD, RD) as the dependent variables. Ipsilesional
PLIC values were compared to non-dominant (right) PLIC values to ac-
count for potential use-dependent differences in white matter content
in healthy controls. Follow-up univariate ANOVAs were conducted to
assess group differences for each measure individually and a 95% conﬁ-
dence interval (CI) was used to quantify point estimate precision.
Bivariate correlations were conducted to evaluate relationships be-
tween white matter MWF and measures of diffusion behavior (FA, MD,
AD, RD) in the PLIC bilaterally for each group. A second correlational
analysis was conducted for measures of motor behavior (FM score,
log-transformed WMFT score, grip strength) with MWF and FA for
each ROI in the stroke group. Due to the exploratory nature of this corre-
lational analysis, we chose to only use one primary MCRI-based and
DTI-based measure to minimize multiple comparisons. An uncorrectedposterior limb of internal capsule (PLIC) bilaterally in a participant with stroke (S08).
warmer colors represent higher values. Red arrow indicates stroke lesion location.
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p b 0.05. All statistical procedures were conducted using SPSS software
(SPSS 19.0).
3. Results
3.1. Reliability of MWF in stroke
Good to excellent test/re-test reliability was observed for each ROI
(ICC range: 0.70–0.98). Excellent inter-rater reliability was observed
for manual delineation of the PLIC bilaterally (ICCs: ipsilesional:
0.91, contralesional: 0.87). Results summarized in Table 2.
3.2. Changes in T2 relaxation parameters after stroke
Table 3 summarizes in vivo results for MWF, I/E GMT2, I/EWF and
global GMT2 for each ROI (NAWM, RPLIC and LPLIC). MANOVA results
demonstrated signiﬁcant differences in T2 relaxation measurements
in the stroke group in whole-cerebrum NAWM (Wilks' λ = .466,
F(4,27) = 7.75, p = 0.0002, partial η2 = .534) with reduced MWF
(p = 0.0003) and increased I/E GMT2 (p = 0.01), I/EWF (p = 0.012)
and GMT2 (p b 0.0001) values. Signiﬁcant differences in overall T2
relaxation parameters were not observed in the ipsilesional (Wilks'
λ = .757, F(4,27) = 2.16, p = .100, partial η2 = .243) nor
contralesional (Wilks' λ = .833, F(4,27) = 1.36, p = .276) PLIC com-
pared to non-dominant and dominant PLIC regions respectively in
healthy participants. Follow-up analyses revealed signiﬁcantly reduced
MWF values in both the ipsilesional (p = .017, CI95%: 0.005–0.05) and
contralesional (p = 0.037, CI95%: 0.001–0.038) PLIC (Fig. 5).
3.3. Changes in diffusion characteristics after stroke
Table 4 summarizes the results for tract volume, mean FA, mean
MD, mean AD and mean RD for each region of reconstructed ﬁber
tracts (whole-brain, bilateral PLIC). No ﬁber tracts were successfully
reconstructed in the ipsilesional PLIC for three participants in the
stroke group due to lesion encroachment. MANOVA results demon-
strated signiﬁcant differences in DTI-based metrics in the stroke
group in whole-brain ﬁber tracts (Wilks' λ: .405, F(5, 25) = 7.346,
p b 0.0005, partial η2 = .595) with reduced tract volume
(p b 0.0005) and FA (p = 0.032) and increased MD, AD, and RD (all
p b 0.0005) values. Signiﬁcant differences in diffusion characteristics
were observed in the ipsilesional PLIC (Wilks' λ = .440, F(4,23) =
2.16, p = 0.001, partial η2 = .560) and a trend for a difference in
the contralesional PLIC (Wilks' λ = .711, F(4,26) = 2.642, p =Table 2
Test/re-test and intra reliability of myelin water fraction in a subset of participants with
stroke.
ROI Reliability
analysis
Cronbach's
α
ICC (±CI95%) F test df p value
Test/re-test
Whole-cerebrum
NAWM
0.96 0.92 (0.70–0.98) 22.47 9 b0.0001⁎
Contralesional
PLIC
0.83 0.70 (0.17–0.92) 5.71 9 0.008⁎
Ipsilesional PLIC 0.99 0.98 (0.92–0.99) 100.48 9 b0.0001⁎
Inter-rater
Contralesional
PLIC
0.93 0.87 (0.57–0.97) 14.73 9 b0.0001⁎
Ipsilesional PLIC 0.95 0.91 (0.69–0.98) 21.89 9 b0.0001⁎
ROI: region of interest, ICC: Intraclass correlation coefﬁcient, CI: conﬁdence interval, df:
degrees of freedom, NAWM: normal-appearing white matter, PLIC: posterior limb in-
ternal capsule.
⁎ p b 0.05.0.056, partial η2 = .289) compared to non-dominant and dominant
PLIC regions in healthy participants. Follow-up analyses revealed sig-
niﬁcantly reduced FA values (p = 0.003) and increased MD, AD and
RD values (p b 0.0005) in the ipsilesional PLIC. In the contralateral
PLIC, increased MD (p = 0.009) and RD (p = 0.029) were observed.
3.4. Relationship betweenmyelin water fraction and diffusion characteristics
Table 5 summarizes the results of the bivariate correlation analysis
between MWF and measures of diffusion (FA, MD, AD, RD). A signiﬁ-
cant relationship between MWF and measures of diffusion was not
observed (all p > 0.05) in either group for PLIC ROIs. Regional rela-
tionships between MWF and DTI-based metrics for both groups are
also represented graphically (Fig. 6).
3.5. Relationship between MWF, FA and motor behavior
Table 6 provides a summary of the correlation results betweenmea-
sures of white matter (MWF, FA) andmotor behavior (FM score, WMFT
score, grip strength) across ROIs in the stroke group. Ipsilesional PLIC
mean FA was the only measure signiﬁcantly correlated (p b 0.05) with
motor behavior (FM score) in the chronic stroke group. Motor behavior
was not signiﬁcantly correlated with MWF values in any of the ROIs, in-
cluding ipsilesional PLIC (Fig. 7).
4. Discussion
We investigated in vivo myelin and intra/extracellular water in
brain white matter tissue following stroke using quantitative
multi-echo T2 imaging. Three-dimensional MCRI of the human brain
now permits the quantitative assessment of different tissue water en-
vironments in vivo. Importantly, recent advances in this technique
now offer the opportunity to investigate these novel properties of
whole-cerebrum white matter structure in clinically feasible acquisi-
tion times, enabling the study of clinical populations. Here, we also
report changes in diffusion characteristics that have been previously
observed in chronic stroke. Signiﬁcant relationships between MWF
and DTI-based metrics in the PLIC were not observed for either
group. A weak relationship was observed between diffusion behavior
and level of upper extremity physical impairment whereas MWF in
the region of ipsilesional descending motor output tracts was not cor-
related with measures of motor behavior in chronic stroke.
Past investigations of white matter pathology have relied heavily
on diffusion imaging techniques that have shown white matter integ-
rity reductions in stroke, indicated by lower FA values or total ﬁber
number, in descending motor output tracts comprising the PLIC
(Lindenberg et al., 2010; Qiu et al., 2011; Stinear et al., 2007). An ad-
vantage of diffusion imaging approaches is the ability to infer direc-
tionality of white matter ﬁber tracts; additionally tractography can
be used to reconstruct ﬁber tracts connecting brain regions. However,
traditional DTI modeling is not accurate in areas of complex architec-
ture that demonstrate partial volume effects thus affecting interpre-
tation of diffusion tensor-based metrics (Alexander et al., 2001;
Pierpaoli et al., 1996; Vos et al., 2012). The importance of this limita-
tion was underscored in recent work demonstrating that crossing ﬁ-
bers are present in ~90% of brain white matter voxels (Jeurissen et
al., 2010). Also, DTI provides gross information regarding the micro-
structural integrity of white matter that may be inﬂuenced by a num-
ber of factors including: axonal packing density, axonal membrane
status, myelin thickness or neuronal cytoarchitectural properties
(Alexander et al., 2007) making it challenging to assign changes in
diffusion-based metrics of microstructural properties of white matter
to speciﬁc tissue components. There are other diffusion-based analy-
sis techniques becoming clinically feasible that have been proposed to
address the challenges of complex white matter architecture and po-
tentially improve the speciﬁcity of diffusion-based measures (Jensen
Table 3
In vivo myelin water fraction (MWF), intra/extracellular geometric mean T2 (I/E GMT2), intra/extracellular water fraction (I/EWF), and global GMT2 for each group and region of
interest (standard deviation).
MWF I/E GMT2 (ms) I/EWF GMT2
NAWM
Stroke 0.112 (0.012) 74.4 (2.5) 0.877 (0.013) 67.0 (2.7)
Healthy 0.130 (0.011) 72 (2.1) 0.864 (0.012) 62.8 (1.6)
% difference of stroke relative to healthy −13.8⁎ 3.3⁎ 1.5⁎ 6.7⁎
PLIC
Contralesional Stroke 0.162 (0.024) 73.3 (2.7) 0.819 (0.020) 61.8 (2.8)
Dominant Healthy 0.182 (0.027) 72.5 (2.2) 0.809 (0.027) 60.1 (2.8)
% difference of stroke relative to healthy −10.0⁎ 1.1 1.2 2.8
Ipsilesional Stroke 0.153 (0.031) 73.5 (6.0) 0.812 (0.055) 67.4 (12.2)
Non-dominant Healthy 0.181 (0.027) 72.3 (2.6) 0.809 (0.028) 60.3 (2.9)
% difference of stroke relative to healthy −14.9⁎ 1.7 0.4 11.8
NAWM: normal appearing white matter, PLIC: posterior limb of internal capsule.
⁎ p b .05.
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al., 2008; Wang et al., 2011).
Here, we applied a novel whole-cerebrum MCRI technique to ex-
tract components of the T2 relaxation signal in order to examine the
status of speciﬁc tissue water compartments in the stroke-affected
brain. This imaging method provides a histopathologically-validated
quantiﬁcation of myelin content. Previous co-application of these
techniques has shown that MCRI and DTI at 3T are correlated in
healthy individuals in certain brain white matter regions (major and
minor forceps) and uncorrelated in others (genu and splenium of cor-
pus callosum) (Mädler et al., 2008). Our results suggest that MWF
and DTI-base metrics are not strongly correlated when evaluating
white matter status within the PLIC in individuals with stroke or
healthy controls. Taken together, MCRI offers information regarding
tissue properties not available with more common neuroimaging ap-
proaches such as DTI and as such, enables new opportunities to study
the pathophysiology of, and recovery from, stroke.
Our results demonstrate that even in the chronic stage after
stroke, myelin is widely disrupted with reductions extending well be-
yond ipsilesional structures. We also show altered intra/extracellular
water fraction and geometric mean T2 times of intra/extracellular
water in the chronic phase of recovery after stroke. This supports
the previous diffusion imaging work showing that changes in diffu-
sivity secondary to cerebral ischemia are associated with changes in
tissue water that can persist into the chronic phase of stroke (Sotak,
2004). Taken together these results suggest that stroke has a broad,
disruptive effect on brain white matter tissue that persists into the
chronic phase of recovery. Importantly, our demonstration of in vivo
quantiﬁcation of myelin illustrates a new method by which speciﬁc
changes, i.e., myelin health, may be tracked across the trajectory of
recovery.
Results of the present study demonstrate reductions in myelin
water fraction after stroke in regions both local and remote to the
area of infarct compared to control participants. Previous work
shows that white matter and neuronal supporting cells such as
myelin-producing oligodendrocytes are particularly vulnerable to is-
chemia in part due to the lower blood ﬂow under normal conditions
compared to gray matter regions (Lo et al., 2003; Pantoni et al.,
1996). Longitudinal studies using conventional imaging techniques
have also shown that white matter infarcts can both progress and en-
large (Gouw et al., 2008) which may be exacerbated under circum-
stances of chronic hypoperfusion associated with long-term
hypertension, a signiﬁcant stroke risk factor. Wallerian degeneration,
anterograde degeneration to axons and myelin sheaths due to proxi-
mal cell body or axonal injury (Werring et al., 2000), is another po-
tential mechanism associated with stroke pathophysiology that
could explain the observed results. Our DTI results suggest multiple
potential loci for local and remote pathophysiologic changesfollowing stroke. Given current technological limitations, we are un-
able to distinguish the relative contributions of these contributing
factors, however it is conceivable that each plays some role in the
substantial stroke related changes in white matter noted in our data.
Another potential factor contributing to reduced whole brain my-
elin water after stroke may be use-dependent neuroplastic changes in
response to physical inactivity. Aerobic exercise, cognitive training
and motor skill practice are associated with positive changes in both
brain structure and behavior. In contrast, periods of immobilization
or inactivity have been linked to adverse neuroplastic change.
Experience-dependent plasticity has been demonstrated in both
healthy rodents (Kleim et al., 2002) and primates (Nudo et al.,
1996) and remains present even after ischemic infarcts (Nudo and
Milliken, 1996). The relationship between activity level and micro-
structural change has also been observed in regions of white matter
of healthy adult humans using DTI to quantify response to cognitive
and motor training paradigms (Lovden et al., 2010; Scholz et al.,
2009). Importantly, both the healthy and damaged brain appear to
maintain the capacity for positive adaptive white matter plasticity in-
cluding oligodendrogenesis and (re)myelination in response to expe-
rience and/or injury (Franklin and Ffrench-Constant, 2008; Markham
and Greenough, 2004). However, recent data suggest that the oppo-
site is also possible; signiﬁcant disuse or inactivity may lead to reduc-
tions in white matter microstructure that extend beyond the initial
stroke-related losses in brain tissue.
The impact of inactivity on brain organization may involve demy-
elination and reduced synaptic connectivity. This has been tested ex-
perimentally using upper extremity immobilization to focally reduce
sensory input and motor output, two key components of
use-dependent plasticity. After at least two weeks of immobilization
secondary to humerus or elbow fracture without neurologic injury,
individuals demonstrate reduced white matter integrity and cortical
thickness in the contralateral motor output pathway (Langer et al.,
2012). In this paradigm, forced use of the non-immobilized hand
led to mirror increases in white matter integrity and cortical thick-
ness of the opposite hemisphere (Langer et al., 2012). After stroke,
hemiparesis can reduce the use of the affected extremities (Lang et
al., 2007) and can also lead to decreases in overall activity that
could have widespread consequences for brain white matter plastici-
ty, especially during the chronic phase of recovery. It has been shown
that physical activity level, quality of life and motor function tend to
decrease with increasing time since stroke onset during the chronic
phase of recovery (Edwards et al., 2010).
Lastly, premorbid inactivity may have been a predisposing factor
for stroke occurrence in our participants. In theory, this lack of use
may have also been a contributing factor to the widespread changes
in myelin water content after stroke. Due to the cross-sectional na-
ture of this investigation, these explanations cannot be conﬁrmed
Fig. 5. Group differences in myelin water fraction (MWF) between healthy controls
and participants with chronic stroke. MWF was signiﬁcantly reduced in
whole-cerebrum normal appearing white matter (NAWM) in the stroke group com-
pared to whole-cerebrum NAWM in the healthy group (A), in the ipsilesional posterior
limb of internal capsule (PLIC) and non-dominant PLIC MWF in the healthy group
(B) and in the contralesional PLIC for the stroke group versus dominant PLIC in the
healthy group (C) (*p b 0.05). Error bars represent standard deviation.
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premorbid and current activity level collected to provide further in-
sights into the interplay between stroke, white matter status and
experience-dependent plasticity.
MCRI has been used to evaluate myelin content in patients with MS
(Laule et al., 2004), phenylketonuria (Sirrs et al., 2007) and schizophre-
nia (Flynn et al., 2003); recent work demonstrated a relationship be-
tween clinical disability scores and MWF in individuals with MS
(Laule et al., 2011). In the present study, MWF was not associated
with level of motor function or degree of physical impairment in the
chronic phase of recovery from stroke. In patients with MS, MWF has
been quantiﬁed in both lesions and NAWM whereas we chose normal
appearingwhole-cerebrumwhitematter andwhitematter regions pre-
viously shown to have altered white matter microstructure after stroke
that were associated with motor function and response to training(Borich et al., 2012a; Stinear et al., 2007). Additionally, differences in
the psychometric properties of the clinical assessments performed in
MS versus strokemay explain, in part, the lack of a relationship between
MWF and motor recovery after stroke. Lastly, chronic changes in tissue
water environments after stroke may be fundamentally different than
those observed in active MS lesions. To verify that the changes we
noted in white matter brain structure were not a side effect of sponta-
neous recovery from stroke it was important to examine individuals
who had stable function and brain structure, hence we studied individ-
uals in the chronic stage. Despite the extended length of time after
stroke we noted persistent changes in MWF and intra/extracellular
water. We did observe a relationship between ipsilesional PLIC FA and
level of upper extremity motor impairment (FM score) supporting pre-
vious investigations demonstrating a signiﬁcant link between white
matter status and motor function in chronic stroke (Qiu et al., 2011;
Schaechter et al., 2009; Stinear et al., 2007). These results may suggest
that inwhitematter tissue regions associatedwith ipsilesional descend-
ingmotor output pathways that othermicrostructural changes contrib-
ute to motor impairments in chronic stroke. Determining the
microstructural correlates ofmotor behavior in individualswith chronic
strokewas not the primary aim of this investigation but our preliminary
results support further investigation to determine the functional signif-
icance of changes in white matter tissue after stroke.
Here we chose not to formally examine lesions directly due to the
heterogeneity of location, size and tissue type within the stroke group
in the size of sample studied and the limitation of replicating the le-
sion region of interest in the healthy control group. However, explor-
atory analyses of lesion ROIs were performed that demonstrated
signiﬁcant heterogeneity in MCRI-based measures of tissue compart-
ment water. The underlying mechanism for this heterogeneity in T2
behavior is currently unknown but future inquiries with larger
sample sizes and additional measurement techniques may prove use-
ful to explicitly characterize differences in lesion composition during
the chronic phase of recovery.
This study has some limitations. As mentioned previously, the
cross-sectional design restricts our ability to draw causal inferences
from observed differences in white matter T2 relaxation measures be-
tween individuals with stroke and healthy controls and limits the
ability to characterize changes in these measures over time. Wide-
spread reductions in whole-cerebrum normal-appearing white mat-
ter MWF may have been present prior to infarct and could be
associated with factors associated with increased risk of stroke (e.g.
hypertension, diabetes, obesity, smoking, physical inactivity). This
could be assessed using a longitudinal pre/post design but would re-
quire large recruitment sample sizes that are not normally feasible.
Given that we have now shown that MCRI can demonstrate wide-
spread changes in white matter myelin content and tissue water en-
vironments that were not evident previously, a longitudinal study is
now justiﬁed to consider these questions. In addition, we chose to
manually delineate the PLIC bilaterally rather than to apply
automated approaches deﬁne our regions of interest. Although we
demonstrated excellent inter-rater reliability for manual ROI deter-
mination, there is the potential that this approach could have intro-
duced variability into the data. However, this technique has
previously been shown to be reproducible between raters and ratings
using DTI-derived image maps (Borich et al., 2012b) and it enabled us
to account for each individual's anatomy in the presence of heteroge-
neous lesion size and location. In addition, previous investigations
using MCRI-based MWF measurement have employed ROI-based
methods to evaluate myelin water content in brain and cervical spinal
cord (Laule et al., 2004, 2006; MacMillan et al., 2011; Prasloski et al.,
2012b) We also evaluated an objectively deﬁned ROI determined
using automatic brain segmentation techniques to produce a
whole-cerebrum normal appearing white matter ROI. However,
ROI-based analysis approaches may miss other regions affected by
stroke that could have stronger associations with motor recovery
Table 4
Tract volume, mean fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD) for each group for reconstructed ﬁber tracts within each re-
gion of interest (standard deviation).
Tract volume FA MD AD RD
Whole-brain ﬁber tracts
Stroke 246.23 (51.82) 0.488 (0.012) 0.882 (0.035) 1.41 (0.04) 0.617 (0.032)
Healthy 327.94 (42.90) 0.498 (0.010) 0.827 (0.170) 1.34 (0.02) 0.572 (0.017)
% difference of stroke relative to healthy −25.0⁎⁎ −2.0⁎ 6.2⁎⁎ 5.0⁎⁎ 7.3⁎⁎
PLIC ﬁber tract segment
Contralesional Stroke 1.10 (0.41) 0.632 (0.050) 0.756 (0.050) 1.41 (0.06) 0.443 (0.061)
Dominant Healthy 1.26 (0.14) 0.662 (0.040) 0.719 (0.032) 1.37 (0.05) 0.395 (0.042)
% difference of stroke relative to healthy −12.7 −4.5 6.4⁎⁎ 2.9 10.8⁎
Ipsilesional Stroke 0.92 (0.92) 0.552 (0.0832) 0.910 (0.514) 1.54 (0.016) 0.597 (0.163)
Non-dominant Healthy 1.14 (0.26) 0.640 (0.036) 0.747 (0.026) 1.39 (0.040) 0.428 (0.039)
% difference of stroke relative to healthy −19.3 −13.8⁎⁎ 17.9⁎⁎ 9.7⁎⁎ 28.3⁎⁎
PLIC: posterior limb of internal capsule. Tract volume shown in units 103 mm3. MD, AD and RD are units 10−3 mm2/s.
⁎ p b 0.05.
⁎⁎ p b 0.01.
Table 5
Correlation coefﬁcients between measures of diffusion and myelin water fraction in the
posterior limb of internal capsule.
FA MD AD RD
r r r r
MWF
Stroke Contralesional 0.13 −0.16 −0.04 −0.18
Ipsilesional 0.28 −0.33 −0.29 −0.32
Healthy Dominant 0.07 −0.38 −0.43 −0.17
Non-dominant −0.08 0.32 0.30 0.16
FA: fractional anisotropy, MD: mean diffusivity, AD: axial diffusivity, RD: radial
diffusivity, MWF: myelin water fraction, p > 0.05.
Fig. 6. Scatter plots depicting the relationship between myelin water fraction (MWF) and m
ticipants. Myelin water fraction was not signiﬁcantly correlated with diffusion behavior wi
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based on previous white matter imaging studies in stroke (Qiu et al.,
2011; Stinear et al., 2007) and to minimize the potential for type I
error associated with multiple ROI comparisons. Future work may
beneﬁt from the use of voxel-based or multimodal imaging tech-
niques to explore other local and/or distributed brain regions and
networks that may demonstrate changes in other tissue water envi-
ronments. However despite advances in spatial normalization ap-
proaches in stroke, it remains challenging to use voxelwise
approaches that rely on normalization of lesioned brains to a com-
mon space in order to identify common regions of microstructural
change after stroke, especially in the context of heterogenous lesion
location and size found in our stroke cohort. Combining in vivomyelin
water mapping with other imaging techniques could offer new
multimodal imaging paradigms to consider the relationship ofeasures of diffusion behavior in the posterior limb of internal capsule (PLIC) across par-
thin the PLIC for either group, (p > 0.05).
Fig. 7. Scatter plots depicting the relationship between fractional anisotropy (FA) and myelin water fraction (MWF) with the ipsilesional PLIC and level of physical impairment rep-
resented by upper extremity Fugl-Meyer (FM) score. A signiﬁcant correlation was observed between FA and FM score (p = 0.04) but not between MWF and FM score (p = 0.365).
Table 6
Summary of correlation results between measures of motor behavior with myelin water fraction and fractional anisotropy in white matter regions of interest in the stroke group.
FM score Log WMFT affected Log WMFT unaffected Grip strength affected Grip strength
unaffected
r p value r p value r p value r p value r p value
MWF
NAWM −0.05 0.82 0.44 0.65 0.09 0.70 −0.05 0.84 0.08 0.73
Contralesional PLIC −0.43 0.06 0.43 0.06 0.11 0.64 −0.34 0.15 0.01 0.95
Ipsilesional PLIC 0.08 0.73 −0.04 0.87 −0.23 0.33 0.15 0.52 0.04 0.85
FA
Whole-brain 0.02 0.82 0.09 0.69 −0.29 0.22 −0.02 0.92 0.37 0.10
Contralesional PLIC −0.11 0.64 0.11 0.66 −0.07 0.76 −0.30 0.20 0.20 0.40
Ipsilesional PLIC 0.51 0.04⁎ −0.47 0.096 0.14 0.59 0.07 0.79 −0.70 0.79
FM: Fugl-Meyer, WMFT: Wolf Motor Function Test, NAWM: Normal appearing white matter, PLIC: posterior limb of internal capsule, MWF: myelin water fraction, FA: fractional
anisotropy.
* pb0.05.
578 M.R. Borich et al. / NeuroImage: Clinical 2 (2013) 569–580tissue-speciﬁc white matter characteristics with measures of neural
activity and functional connectivity. This work may provide addition-
al novel insights into stroke pathology and potentially offer novel bio-
markers to predict the trajectory of recovery and response to
therapeutic intervention after stroke.5. Conclusions
This is the ﬁrst report of 3D, multi-component T2 relaxation imag-
ing used to reliably demonstrate differences in myelin water and
other white matter tissue water environments in vivo after stroke. It
is also the ﬁrst to evaluate the relationships between MWF with dif-
fusion behavior and motor function following stroke. Future investi-
gations should determine the clinical utility of these parameters
across the time course of recovery from stroke and other neurologic
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